The respiration rate of large medusae (11-24 cm bell diameter, 2-17 g dry weight) and their metabolic demand were estimated under laboratory conditions. The respiration rate (R; mL O 2 ind Ϫ1 h
The schyphomedusan jellyfish Aurelia aurita is found in a variety of coastal and shelf marine environments, and is recognized as an important predator of marine plankton communities (e.g. Möller 1980 , Ishii & Tanaka 2001 . To evaluate its role in energy flow in the coastal planktonic ecosystem, the respiration rate of A. aurita is an important factor, since it gives information on metabolic demands in order to quantify the carbon budget of field populations of A. aurita medusae. Although the respiration rate of A. aurita medusae has been previously measured by several workers (Biggs 1977 , Larson 1987 , Schneider 1989 , Olesen et al. 1994 , Kinoshita et al. 1997 , Uye & Shimauchi 2005 , the measurements were confined to medusae smaller than 150 g wet weight, except for Uye & Shimauchi (2005) .
Aurelia aurita and closely related species occur in dense aggregations, e.g. in Kiel Bight, Germany (Möller 1980) , North Sea (Hay et al. 1990 ), Black Sea (Mutlu 2001) , Urazoko Bay (Yasuda 1969) , and western Shikoku (Uye et al. 2003) . We have frequently observed large A. aurita medusae (max. 30 cm bell diameter) during the summer in Tokyo Bay, Japan , where significant predation by the medusae on zooplankton was noted (Ishii & Tanaka 2001) . In order to estimate the minimum food demand of such large medusae, their respiration rate should be obtained. In this study, we measured the respiration rate of large medusae (i.e. 11-24 cm bell diameter, 2-17 g dry weight) under laboratory conditions, and estimated their metabolic demand. We also determined the growth rate of the A. aurita population in Tokyo Bay.
Sampling of A. aurita medusae was conducted in the innermost part of Tokyo Bay, Japan, during daylight one to three times per month aboard the 'T. S. Hiyodori', Tokyo University of Marine Science and Technology. Surface water temperature was measured simultaneously with sampling using a mercury thermometer. Medusae for the growth analyses were randomly collected between April 10 and December 4, 1995, from surface aggregations with a 10-mm mesh hand net, or sampled using a conical net with a 57-cm mouth diameter (5 mm mesh aperture) towed horizontally in the 5-m depth layer for 5 min at approximately 2 knots. Bell diameter was measured to the nearest 1.0 mm by placing specimens on a ruler with the exumbrellar side down to flatten the bell. Sample sizes on each sampling date ranged from 18 to 692 individuals.
Medusae for the dry weight analyses were randomly collected between April 10 and August 26, 2002, from surface aggregations with a 10 mm mesh hand net. Bell diameter was measured as outlined above. They were rinsed with isotonic ammonium formate to remove external salts, and were frozen until processed. For the weight measurements specimens were dried at 60°C for 1-2 weeks and then weighed (Nϭ82). Entire dried bodies of medusae (Nϭ63) were homogenized. Parts of a homogenized specimen were re-dried and re-weighed, and carbon content was analyzed using a CHN Corder (Yanako MT-3).
Medusae for the respiration experiments were randomly collected from surface aggregations with a vinyl sheet hand net between May 15 and September 19, 1995. About 15 medusae were collected on each sampling date. Specimens were carefully handled and immediately transferred with a plastic bowl into 20-L containers and incubated in 1-mm filtered seawater
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Respiration experiments were run in 20-L cylindrical plastic containers with a tightly fitting lid and sealed with paraffin tape, with one medusa per container, filled with 1-mm filtered seawater. Mean concentration of dissolved oxygen in experimental seawater throughout the whole period was 4.75Ϯ 0.31 mL O 2 L Ϫ1 . Medusae were carefully washed in a bucket filled with filtered seawater to eliminate the other organisms in the mucous and immediately transferred with a plastic bowl into the experimental containers. In addition to the experimental containers, controls containing no medusae were prepared. These containers were settled in the temperature-controlled incubation room under darkness at 15.0, 20.0, and 24.0°C. Respiration experiments were run for 7 hours at 15.0°C and 4 hours at 20.0 and 24.0°C. Stirring was accomplished due to the swimming behavior of the medusae in their containers. Respiration rates were measured by modifying the water bottle method of Omori & Ikeda (1984) to accommodate large specimens. Dissolved oxygen was determined by Winkler analysis (Strickland & Parsons 1972) , and the bell diameters were measured. To evaluate the effect of oxygen consumption by other organisms in mucous, we again determined the dissolved oxygen in residuals containing no medusae after 1-4 hours from the end of the experiments. Some of these containers contained mucous, however, the decrease in dissolved oxygen was at most 0.18% of initial concentration. This amount was negligible, since it was within the range of decrease in control containers (max. 0.23%, mean 0.11Ϯ0.11% ).
The minimum carbon requirement of medusae was calculated from the respiration rate. A respiratory quotient of 0.85 was used. Weight specific daily minimum carbon requirements (WCR; % d Ϫ1 ) were calculated using the following equation,
where MCR is the minimum carbon requirement (mgC ind Ϫ1 d
Ϫ1
) and CW is the body carbon weight (mg C ind Ϫ1 ). Growth characteristics of A. aurita medusae in 1995 are shown in Fig. 1 . Mean diameter in April was 10.1 (SDϭ3.1) cm. Growth seemed rapid, and mean diameter reached 16.8 (SDϭ3.0) cm by June. Mean and daily specific growth rate between April 10 and June 19 was 3.3 mg C ind Ϫ1 d Ϫ1 and 0.02, respectively. Apparent growth was not observed during summer. Mean and daily specific growth rate between June 19 and September 19 was Ϫ0.1 mg C ind Ϫ1 d Ϫ1 and Ϫ0.0003, respectively. Some medusae exhibited a reduced bell diameter and died after August 
The relationships between the body dry weight and respiration rate or weight specific respiration rate at each water temperature are shown in Fig. 2 . The respiration rate increased significantly with increasing weight at all experimental temperatures, as well as with increasing water temperature. To express the relationship between respiration rate and dry weight, the power curve was a statistically better fit than a straight line at all temperatures (using Akaike Information Criterion) as follows, where R is the respiration rate (mL O 2 ind Ϫ1 h Ϫ1 ). The regression lines of the respiration data at each experimental temperature are shown in Fig. 2 . The relationship between respiration rate and body dry weight of medusae as a function of water temperature (T; °C) was modeled after the relationship among these factors for marine zooplankton (Ikeda 1974 , Omori & Ikeda 1984 . It is generally known that the intercept of the allometric equation is governed by water temperature. Coefficient a was expressed by the following equation,
Relative respiration coefficients b were defined as the slopes of regression lines of the above allometric equations, and they ranged from 0.88 to 1.4 (Fig. 2) . It is generally known that the relative respiration coefficient b is not governed by water temperature. In actuality a significant difference in b with respect to water temperature was not found. We used the mean value as the relative respiration coefficient (1.093) for later estimations. The respiration rate can be defined as a function of water temperature and body dry weight according to the following equation,
The relationship between the respiration rate and the body dry weight as a function of temperature can be used to roughly estimate the respiration rate for medusae over a wide size range, by knowing their dry weight and habitat temperature. Relative respiration coefficients near 1.0 have been commonly observed in many previous studies; 0.91 at 15°C (Larson 1987), 0.94 at 13-18°C (Schneider 1989) , and 0.93 at 15°C (Kinoshita et al. 1997) . Recently Uye & Shimauchi (2005) also estimated a similar respiration coefficient (1.038) with A. aurita medusae including large sizes. These estimations, including those in our study, indicate that relative respiration coefficient is independent of body size in medusae.
One of the reasons that respiration rates of large medusae have not been carried out is the difficulty in dealing with production by bacteria and other organisms living in mucous. The respiration rate of medusae may be overestimated by bacterial respiration. Fortunately, significant effects accompanied with mucous production were not found in the present study. However, to prevent bacterial effects, it is preferable that experiments are carried out using seawater filtered with smaller pore sizes.
The respiration rates, minimum carbon requirements, and weight specific daily minimum carbon requirements of A. aurita at each water temperature are shown in Table 1 , together with bell diameters and dry and carbon weights. Medusae in all experiments ranged in size from 11-24 cm bell diameter and 2-17 g dry weight. The mean carbon content was 3.9 (SDϭ1.8) % of dry weight, and a significant difference with respect to medusa size was not found. No significant trends between weight-specific daily minimum carbon requirement and body dry weight were found at any water temperature. The highest respiration rate and weight-specific daily minimum carbon requirement was 2.46 mL
) and 9.45%, respectively, at 24.0°C.
We estimated carbon demands including respiration and growth of field medusae during three different growth periods; spring (April 10-June 19), summer (June 19-September 19), and autumn (September 19-December 4). Higher growth rates were observed in spring and autumn. Water temperature was higher during summer and early autumn, and it led to higher respiration rates and greater carbon requirements. In particular, increases in metabolic demand caused by higher water temperature and the onset of reproduction will prevent somatic growth of the medusae during summer. Continuous growth is again observed in some medusae which survived until autumn, and this is accompanied by a reduction in metabolic demand through decreasing water temperatures. The daily mean carbon demand of medusae, including respiration and growth, in spring, summer, and autumn was 10.8, 47.3, and 28.0 mg C ind Ϫ1 , or 5.74, 17.6, and 7.27% of body carbon weight, respectively.
We compared the above estimations of weight specific daily mean carbon demand for field populations (5.74-17.6% of body carbon weight) with the weight specific daily ration in specimens from the same area of Tokyo Bay. Ishii & Tanaka (2001) estimated the weight specific daily rations of A. aurita medusae in Tokyo Bay with bell diameters from 8.2 to 25.0 cm as between 0.58 and 5.56%. Thus even if growth rates are close to zero, estimated daily rations are apparently lower than the carbon demands. Three possibilities may explain this. First, A. aurita medusae are thought to be typical zooplankton predators, but grazing by the medusae on microzooplankton assemblages, including copepod nauplii, tintinnids, non-lori- cate ciliates, etc., can also be important (Stoecker et al. 1987) . The process of eutrophication in Tokyo Bay has resulted in high abundances of microzooplankton, with biomasses sometimes attaining ten times the total mesozooplankton biomass (Nomura et al. 1992) . Ishii & Tanaka (2001) estimated a daily ration using the small zooplankters and mesozooplankters such as Oithona davisae that were found in stomach content analyses. Moreover digestion time was significantly correlated with prey size (Ishii & Tanaka 2001) . Smaller prey will be easily digested by medusae, and higher ingestion rates of microzooplankton must be estimated. In Ishii & Tanaka (2001) , if their additional ingestion data included microzooplankton as prey, the daily ration might agree with the minimum carbon requirement. Second, medusae may have a diel feeding rhythms. A diel feeding rhythm is generally observed in many zooplankton, for example, in situ diel changes of gut pigments indicate an intensive nighttime feeding peak by herbivorous zooplankton such as copepods (e.g. Mackas & Bohrer 1976 , Ishii 1990 ). Thus, feeding behavior during nighttime may play a role in energy acquisition but unfortunately we have no quantitative feeding data on in situ diel feeding rhythms of medusae in Tokyo Bay. Third, medusae may reduce their respiration rate in waters of low dissolved oxygen concentration. The bottom waters of Tokyo Bay are always dysoxic during the summer. If A. aurita medusae migrate to the bottom layer and utilize low dissolved oxygen waters to reduce metabolic demands, the actual minimum carbon requirement will be lower than the values found in our study. In Tokyo Bay, dense aggregations of medusae are frequently observed in the dysoxic bottom-layer during summer (Ishii unpublished data) . The correlations between metabolism, ingestion and energy budget are important to explain the mass occurrence of large medusae, and it has become necessary to quantitatively measure the adaptive mechanisms of medusae in eutrophicated coastal waters. In particular, we still need to understand the relationship between the abundance of A. aurita medusa in eutrophic coastal waters and their adaptation to dysoxic bottomlayer waters resulting from eutrophication.
